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Abstract: The construction of Longyangxia Reservoir has altered the hydrogeological conditions of its
banks. Infiltration and erosion caused by the periodic rise and fall of the water level leads to collapse
of the reservoir banks and local deformation of the landslide. Due to heterogeneous topographic
characteristics across the region, water level also varies between different location. Previous research
on the influence of fluctuations in reservoir water level on landslide deformation has focused on
single-point monitoring of specific slopes, and single-point water level monitoring data have often
been used instead of water level data for the entire reservoir region. In addition, integrated remote
sensing methods have seldom been used for regional analysis. In this study, the freely-available
Landsat8 OLI and Sentinel-2 data were used to extract the water level of Longyangxia Reservoir using
the NDWI method, and Sentinel-1A data were used to obtain landslide deformation time series using
SBAS-InSAR technology. Taking the Chana, Chaxi, and Mangla River Estuary landslides (each having
different reservoir water level depths) as typical examples, the influence of changes in reservoir water
level on the deformation of three wading landslides was analyzed. Our main conclusions are as
follows: First, the change in water level is the primary external factor controlling the deformation
velocity and trend of landslides in the Longyangxia Reservoir, with falling water levels having the
greatest influence. Second, the displacement of the Longyangxia Reservoir landslides lags water level
changes by 0 to 62 days. Finally, this study provides a new method applicable other areas without
water level monitoring data.

Keywords: reservoir bank landslide; SBAS-InSAR; landslide displacement; water level extraction;
early identification

1. Introduction

The upper reaches of the Yellow River Basin are located in the transition zone between
the Qinghai–Tibet Plateau and Loess Plateau in China. Influenced by the tectonic uplift of
the Qinghai–Tibet Plateau, the region has large topographic relief (Figure 1a) [1]. Mean-
while, strong incision by the Yellow River has created high and steep terrain on both banks,
promoting the occurrence of landslides. References [2,3], investigated disaster points in the
upper reaches of the Yellow River and found that there are a total of 205 large and small
landslides in the area, including 15 giant landslides (volume greater than 100 million m3).
However, the upper reaches of the Yellow River have abundant hydraulic resources and
have been developed as an important hydropower corridor following construction projects
by the Chinese government to promote regional economic development. In this section of
the Yellow River, 12 cascade hydropower stations have been built on the main river, with

Remote Sens. 2022, 14, 212. https://doi.org/10.3390/rs14010212 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14010212
https://doi.org/10.3390/rs14010212
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-8969-033X
https://orcid.org/0000-0002-6206-0573
https://orcid.org/0000-0001-9453-393X
https://orcid.org/0000-0003-2864-998X
https://doi.org/10.3390/rs14010212
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14010212?type=check_update&version=2


Remote Sens. 2022, 14, 212 2 of 33

a total storage capacity of 342.66 billion m3. Of these, the existing Longyangxia reservoir
has the largest storage capacity (247 billion m3; Figure 1b). Two hydropower stations
are currently under construction, which have a total storage capacity of 14.76 billion m3.
The construction of hydropower stations can alter the local hydrogeological conditions,
which in turn can exacerbate existing geological hazards or result in new ones. A reservoir
impoundment can cause instability and destruction of the dam, for example the Mal-
passet Dam [4], or Buffalo Creek Dam [5]; in addition, reservoir landslides such as the
Vajoint Reservoir landslide [6] and Qianjiangping landslide [7], may trigger floods and
tsunamis [5], threatening the life and property of people in the downstream areas, as well
as affecting the integrity of engineering and construction facilities and unobstructed inland
waterways [8,9].

Previous studies have shown that monthly fluctuations in reservoir water level can
reduce slope stability [10–12]. These water level changes increase the reactivation prob-
ability of old landslides, as well as induce new landslides [13,14]. This may result in the
reservoir becoming the main geological hazard-prone and high-risk area. Periodic varia-
tions in reservoir water level may also reactivate reservoir bank landslides. For example,
seasonal changes in reservoir water level have been shown to significantly impact landslide
occurrence following reservoir impoundment [9,15].

Traditional methods, such as geodetic surveys, inclinometers, photogrammetry, and
GPS, have been used for landslide monitoring. However, these methods have the disad-
vantages of being expensive and time-consuming, and they produce only a few monitoring
points covering a limited area [16]. In addition, the majority of the available water level
data comes from hydrological stations, with limited monitoring points, which means that
water level data in the vicinity of specific landslides cannot be obtained. At the same time,
the distribution of potential landslides is unknown, hindering the deployment of water
level monitoring instruments, which makes it particularly difficult to carry out research on
the impact of water level changes on landslide deformation over large areas.

Synthetic aperture radar (SAR) is an advanced microwave imaging equipment [17].
Satellite sensors actively transmit electromagnetic waves to ground targets and receive
backscattered signals; the backscattered signals are stored as complex images to record
amplitude and phase information [18]. Interferometric synthetic aperture radar (InSAR)
technology uses the phase difference between two SAR images obtained in the same area
at different times to estimate the deformation along the line of sight of the radar [19].
The monitoring accuracy of InSAR can reach millimeter level over a wide area [20,21],
and it has the advantages of detecting change at high resolution, large areal coverage,
“all-weather” capability, and daytime/nighttime access of the radar sensors [22]. These
attributes provide the possibility of measuring the displacement of a landslide in the slow-
moving stage [23]. The two most common multitemporal technologies are permanent
scatterer interferometric synthetic aperture radar (PS-InSAR) [24,25], which is dominated
by permanent scatterers, and small baseline subset interferometric synthetic aperture radar
(SBAS-InSAR) [26,27], which is dominated by distributed scatterers. The application of
these technologies has achieved outstanding results in the study of land subsidence and
landslide movement [28–34]. Remote sensing has also become a conventional method in the
monitoring of land surface water [35]. Landsat and Sentinel-2 images have the advantages
of a fixed revisit period, large observation range, easy access, high resolution, and rich
surface feature information. They have been widely used to monitor water resources and
flood disasters and to extract water body information [36–38]. Commonly used water-
monitoring methods include the normalized difference water index (NDWI) [39], modified
NDWI (MNDWI) [40], and enhanced water index (EWI) [41]; these methods have a high
accuracy for flood disaster monitoring [38,42].
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Figure 1. (a) Geographical location of Longyangxia Reservoir in China. The red solid line is the 
border of Qinghai Province, the blue shaded area is the Qinghai–Tibet Plateau, and the red triangle 
is the location of Longyangxia Reservoir. (b) Geological disasters, faults, and hydropower stations 
in the upper reaches of the Yellow River. 

Since the impoundment of Longyangxia Reservoir in 1986, the geological environ-
ment of slopes in the reservoir region has changed by varying amounts, and landslide 
activity within the vicinity of the reservoir remains unclear. Previous related research on 
geological disasters around Longyangxia Reservoir has focused mainly on landslide da-
ting and landslide risk assessment [43,44]. Here, we use SBAS-InSAR technology to esti-
mate the surface displacement of Longyangxia Reservoir, together with NDWI to extract 
water level data for specific slops. The Chana, Chaxi, and Mangla River Estuary landslides 
were selected as typical cases to explore the relationship between fluctuations in reservoir 
water level of the reservoir and deformation of the reservoir banks, and thereby to analyze 

Figure 1. (a) Geographical location of Longyangxia Reservoir in China. The red solid line is the
border of Qinghai Province, the blue shaded area is the Qinghai–Tibet Plateau, and the red triangle is
the location of Longyangxia Reservoir. (b) Geological disasters, faults, and hydropower stations in
the upper reaches of the Yellow River.

Since the impoundment of Longyangxia Reservoir in 1986, the geological environment
of slopes in the reservoir region has changed by varying amounts, and landslide activity
within the vicinity of the reservoir remains unclear. Previous related research on geological
disasters around Longyangxia Reservoir has focused mainly on landslide dating and
landslide risk assessment [43,44]. Here, we use SBAS-InSAR technology to estimate the
surface displacement of Longyangxia Reservoir, together with NDWI to extract water
level data for specific slops. The Chana, Chaxi, and Mangla River Estuary landslides
were selected as typical cases to explore the relationship between fluctuations in reservoir
water level of the reservoir and deformation of the reservoir banks, and thereby to analyze
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the influence of water level changes on the banks in terms of promoting landslides. Our
method is easy to use, and the remote sensing images are open-source and easy to obtain,
which can provide new ideas for such research in other areas without water level data.

2. Study Area

The Longyangxia Reservoir straddles the boundary between Gonghe County and Guinan
County in Qinghai Province. It has a perimeter length of ~123 km and is a first-level hy-
dropower station with the largest reservoir capacity in the upper reaches of the Yellow River
(Figure 2). The region has a typical plateau arid–semiarid continental climate, with average
annual precipitation of 240–440 mm, and evaporation of 1327–1379 mm [45]. The vegetation
coverage is low, and thus, its role in soil and water resources conservation is limited. Affected
by regional differential tectonic movement, the north bank of Longyangxia Reservoir has
developed multiple-level terraces, while the terrain of the south bank is steep and there are
numerous ravines. The relative heights of the slopes are mainly 300–500 m, and the slope
angles are 35–45◦. Water infiltration combined with water erosion has reduced the shear
strength of the soil on the south bank, forming cavities which result in slope instability.
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Figure 2. Longyangxia Reservoir landslide.

The strata in the study are as follows: Neogene glutenite, sandstone, argillaceous sand-
stone, and mudstone; lower Pleistocene silty mudstone, siltstone mixed with variegated
fine sandstone, mudstone, fine sandstone and glutenite interbedded (mainly distributed
on the right bank of the Longyangxia Reservoir, it is a slippery stratum in the area), with
calcareous concretions and semicemented conglomerate; and Quaternary to Holocene
fine-grained quartz sandstone, and upper Pleistocene alluvial–pluvial gray gravel, sand,
with a clay layer [3] (Figure 3).
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Frequent earthquakes have occurred at the Longyangxia Reservoir, which have dam-
aged or destroyed the accumulated structure of old landslides, and reduced slope stabil-
ity [46,47]. Additionally, after the reservoir was impounded, static and dynamic water
pressure has altered the mechanical equilibrium of the original slope, water-eroded caves
have developed, and the bank slope morphology has changed significantly, resulting in
a large number of collapses and small landslides [48]. Wei [44] identified 24 landslides in
the Longyangxia Reservoir area, most of which have large scale and long sliding distances;
these landslides have inflicted many human casualties and major economic losses.

3. Data and Methods
3.1. Data Sources

Forty-five scenes of Sentinel-1A single-look complex C-Band SAR datasets covering
the study area were acquired to obtain the displacement velocity of Longyangxia Reservoir.
Sentinel-1A data time series from 1 March 2017 to 21 March 2020 (Table 1) have a temporal
resolution of 24 days. Precise orbit ephemerides (POD) data provided by the European
Space Agency (ESA), and ALOS World 3D 12.5 m digital elevation model (DEM), generated
by ALOS PRISM, were used to remove the topography-related phase and geocoding. Real
water level data was sourced from the Hydroinfo website managed by the Ministry of
Water Resources of China (http:/xxfb.Mwr.cn/index.html/ accessed on 10 June 2021).

Table 1. Sentinel-1A data parameters.

SAR Sensor Sentinel-1A

Orbit direction Ascending
Polarization mode vv

Resolution 5 m × 20 m
Number of images 45

Sequentially 1 March 2017–21 March 2020

http:/xxfb.Mwr.cn/index.html/


Remote Sens. 2022, 14, 212 6 of 33

We used seven scenes of Sentinel-2A data, and five scenes of Sentinel-2B data (Table 2)
(https://earthexplorer.usgs.gov/ accessed on 6 July 2020), 30 scenes of Landsat 8 optical
image data (Table 3) (https://www.gscloud.cn/ accessed on 4 July 2020), to extract the
boundary of the Longyangxia Reservoir area from the period 15 February 2017 to 18 March
2020. Three additional images from that period were unavailable due to weather conditions;
hence, a total of 42 scenes of optical remote-sensed data were used to extract the water level.

Table 2. Sentinel-2 data parameters.

Number Date Platform Sun Azimuth
Angle Mean Orbit Number Orbit

Direction Resolution (m)

1 2018/4/21 Sentinel-2A 146.9 4 Descending 10, 20, 60
2 2018/5/13 Sentinel-2B 147.81 47 Descending 10, 20, 60
3 2018/6/20 Sentinel-2A 127.38 4 Descending 10, 20, 60
4 2018/8/6 Sentinel-2A 135.19 4 Descending 10, 20, 60
5 2018/9/28 Sentinel-2A 160.55 47 Descending 10, 20, 60
6 2018/10/18 Sentinel-2A 164.94 47 Descending 10, 20, 60
7 2018/12/9 Sentinel-2B 163.87 4 Descending 10, 20, 60
8 2019/4/28 Sentinel-2B 142.33 4 Descending 10, 20, 60
9 2019/5/18 Sentinel-2B 134.2 4 Descending 10, 20, 60

10 2019/10/5 Sentinel-2B 163.1 47 Descending 10, 20, 60
11 2019/12/12 Sentinel-2A 166.2 47 Descending 10, 20, 60
12 2020/2/17 Sentinel-2A 154.12 4 Descending 10, 20, 60

Table 3. Landsat8 OLI data parameters.

SAR Sensor Landsat8 OLI

Sequentially 15 February 2017–18 March 2020
WRS Path 132
WRS Row 35
Resolution 30

Select time interval 1–7 days

Precipitation data for the Longyangxia Reservoir area were obtained by kriging inter-
polation in ArcGIS, using precipitation observations at 27 basic stations in Qinghai Province
(Figure 4) (daily surface climate data values, China Meteorological Data Network).

3.2. Principles of SBAS-InSAR Technology

SBAS-InSAR technology generates interferograms with a small perpendicular baseline,
short time interval, and a small Doppler center frequency difference [26]. The technology
limits the decorrelation phenomena caused by conventional InSAR due to the large spatial
baseline, and the application of the singular value decomposition method allows us to easily
link independent SAR acquisition datasets separated by large baselines, thus increasing
the observation temporal sampling rate. The processing sequence of the SBAS-InSAR
technology is described below.

The master and slave images need to be registered before interference processing,
so that SAR image pixels of a given area acquired at different times will overlap. Spatial
decorrelation occurs due to the different incidence angles of radar beams during radar
scanning. The longer the time interval between radar images, the greater the temporal
decorrelation; and the longer the perpendicular baseline between radar images, the greater
the likelihood of spatial decorrelation [49]. Therefore, in this study, a temporal baseline
of 60 days and 40% of the critical baseline were used to generate a connection diagram,
yielding 89 interferogram pairs (Figure 5). The Delaunay 3D unwrapping method uses a
Delaunay triangle mesh for unwrapping (only the part with high coherence is unwrapped,
which is not affected by the low-coherence phase element) [50,51]. However, there are
numerous water bodies and low-coherence areas in the Longyangxia Reservoir area. We
used the Delaunay MCF unwrapping method (with the unwrapping threshold set to

https://earthexplorer.usgs.gov/
https://www.gscloud.cn/
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0.35) to minimize the impact of phase jumps. An external DEM was used to remove the
terrain phase, and the flat phase was removed using the interferogram obtained by the
conjugate multiplication of two images. We used a Goldstein filter to reduce noise, with a
window size of 32 × 32. Manual inspection of the generated interferograms was carried
out to remove interferograms with low coherence, poor phase unwrapping, and which
were severely affected by atmospheric turbulence and the terrain phase [52]. Finally, the
remaining interferogram pairs were used for interference inversion. Forty-five ground
control points (GCPs) with coherence > 0.75 were used to eliminate the influence of residual
orbital errors. GCPs were selected that were located far from the area of deformation,
with a high coherence and good unwrapping area [53]. A linear inversion model was
used to invert the first step and obtain the preliminary displacement rate. However, phase
propagation delays can be caused by temporal changes in atmospheric conditions within
the troposphere between SAR acquisitions. Therefore, a second step of inversion was
performed to remove the atmospheric phase via low-pass spatial filtering and high-pass
temporal filtering [54]. Finally, the singular value decomposition (SVD) method was used
to obtain the time series of displacement in the Longyangxia Reservoir area.
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3.3. Water Level Extraction

In Landsat images, the B5, B4, and B3 bands synthesize standard false-color images
with bright colors, which aids vegetation classification and water recognition (Figure 6a,b).
The B8 band in the Sentinel-2 image is used to replace the near-infrared band for band
calculation. In the infrared band, the water can absorb almost all of the incident energy in
the near-infrared and mid-infrared bands, and so the reflected energy of the water body
is very small, and the water body has a dark color in the image; however, the absorption
energy of vegetation and soil in these two bands is small, and the brightness value of soils
and vegetation in the image are higher [55]. The existing water body index usually uses
the high absorptivity of water in the near-infrared and mid-infrared bands and the high
reflectivity of the green band to emphasize water and weaken non-water bodies via the use
of various mathematical operations for water extraction. There are few buildings around
Longyangxia Reservoir, and signals from built land are few. In this study, NDWI was used
to calculate the water index of Longyangxia Reservoir, using the following formula [39]:

NDWI =
(Green − NIR)
(Green + NIR)

(1)

where NDWI > 0 is water and NDWI < 0 is land, green is the green light band, and NIR is
the near-infrared band.

Before calculating the NDWI, the Landsat OLI images were calibrated for radiation and
subjected to atmospheric correction in the ENVI software; the original Sentinel-2 images
were resampled to the same resolution in SNAP software, and then the Sen2cor plug-in
was used for atmospheric correction. The NDWI was calculated using the two images after
preprocessing (Figure 6c,d). The NDWI file calculated from Sentinel-2 data was output to
the GeoTIFF format and loaded into ENVI software, together with the Landsat8 OLI image,
for threshold segmentation in order to obtain the water boundary of the reservoir at various
times (Figure 6e,f). While extracting the water boundary, terrain shadow may be mistakenly
extracted as water bodies. We calculated the topographic shadow of Longyangxia Reservoir
by setting the azimuth and latitude parameters based on the DEM, using the 3D analysis
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tool box in ArcGIS. We removed the incorrect water boundary that is extracted (Figure 6g,h),
and superimposed the corrected boundary on the high-resolution DEM to obtain the water
level in the reservoir at different times. We then used the boundaries of the Chana, Chaxi,
and Manla river Estuary landslides to cut the extracted water level (Figure 6i,j). Finally,
the grid values of points in the middle and at both sides of each landslide were selected
and averaged to obtain the water levels of the three landslides. The water level extraction
results are listed in Table 4.
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Figure 6. Using NDWI to extract the water level of Longyangxia Reservoir, taking 16 July 2017 and
26 October 2019 as examples. (a) False color Landsat image on 16 July 2017; (b) False color Landsat
image on 26 October 2019; (c) NDWI binarized image on 16 July 2017; (d) NDWI binarized image
on 26 October 2019; (e) Water body boundaries under different segmentation thresholds on 16 July
2017; (f) Water bodies under different segmentation thresholds on 26 October 2019; (g) DEM shadow
modeling to remove the water body that was erroneously extracted from the water body boundary
on 16 July 2017; (h) DEM shadow modeling to remove the water body that was erroneously extracted
from the water body boundary on 26 October 2019; (i) Water body boundary clipping DEM and
specific slope water level data on 16 July 2017; (j) Water body boundary clipping DEM and specific
slope water level data on 26 October 2019.

The flow chart of SBAS-InSAR and water level extraction technology is illustrated in
Figure 7.
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Table 4. Water levels of Chaxi, Chana, and Manla River Estuary landslides in the Longyangxia
reservoir area.

Number Date Real Water
Level (m)

Chaxi and
Chana

Landslide
(m)

Manla River
Estuary

Landslide
(m)

Number Date Real Water
Level (m)

Chaxi and
Chana

Landslide
(m)

Manla River
Estuary

Landslide
(m)

1 2017/2/15 2575.4 2576.67 2574.33 22 2018/9/28 2597.84 2601 2592
2 2017/3/19 2573.25 2574.00 2574 23 2018/10/18 2598.62 2602 2594
3 2017/5/6 2571.22 2570.67 2572.33 24 2018/11/8 2600.09 2602.33 2595
4 2017/6/23 2573.21 2572.67 2572.67 25 2018/12/9 2599.48 2601 2592.67
5 2017/7/16 2574.84 2575.00 2575 26 2018/12/26 2598.43 2600.67 2591
6 2017/8/10 2574.56 2574.00 2574 27 2019/2/12 2595.28 2600 2590
7 2017/9/27 2580.68 2580.00 2576.67 28 2019/3/9 2594.03 2597 2588.67
8 2017/10/20 2587.5 2588.33 2584.33 29 2019/4/1 2591.99 2596.33 2587.33
9 2017/11/14 2591.14 2590.00 2586.33 30 2019/4/23 2591.32 2594.67 2586

10 2017/11/30 2591.47 2592 2586.67 31 2019/5/18 2591.27 2592 2585.67
11 2017/12/23 2590.69 2591.67 2585.67 32 2019/6/13 2591.79 2592.67 2588.33
12 2018/1/17 2588.06 2590.67 2585 33 2019/8/16 2592.93 2593.67 2589.5
13 2018/2/9 2586.54 2590.33 2584.67 34 2019/9/8 2598.74 2596.67 2590.33
14 2018/3/13 2585.61 2588.67 2584 35 2019/9/28 2599.87 2603.67 2591
15 2018/3/29 2584.12 2587.33 2579.33 36 2019/10/26 2599.96 2604.33 2592.67
16 2018/4/21 2583.98 2587 2579 37 2019/11/20 2599.4 2604 2593.67
17 2018/5/13 2584.37 2586.67 2580.67 38 2019/12/12 2597.96 2598.33 2592
18 2018/6/20 2588.63 2590 2581 39 2020/1/7 2596.96 2594 2590
19 2018/7/12 2588.63 2592.33 2581.33 40 2020/1/30 2596.66 2593.67 2589.67
20 2018/8/6 2593.57 2595 2584.67 41 2020/2/17 2595.83 2592 2588.67
21 2018/9/21 2597.19 2595.33 2589 42 2020/3/18 2594.06 2590.33 2588

Remote Sens. 2022, 14, x FOR PEER REVIEW 11 of 32 
 

 

3 2017/5/6 2571.22 2570.67 2572.33 24 2018/11/8 2600.09 2602.33 2595 
4 2017/6/23 2573.21 2572.67 2572.67 25 2018/12/9 2599.48 2601 2592.67 
5 2017/7/16 2574.84 2575.00 2575 26 2018/12/26 2598.43 2600.67 2591 
6 2017/8/10 2574.56 2574.00 2574 27 2019/2/12 2595.28 2600 2590 
7 2017/9/27 2580.68 2580.00 2576.67 28 2019/3/9 2594.03 2597 2588.67 
8 2017/10/20 2587.5 2588.33 2584.33 29 2019/4/1 2591.99 2596.33 2587.33 
9 2017/11/14 2591.14 2590.00 2586.33 30 2019/4/23 2591.32 2594.67 2586 

10 2017/11/30 2591.47 2592 2586.67 31 2019/5/18 2591.27 2592 2585.67 
11 2017/12/23 2590.69 2591.67 2585.67 32 2019/6/13 2591.79 2592.67 2588.33 
12 2018/1/17 2588.06 2590.67 2585 33 2019/8/16 2592.93 2593.67 2589.5 
13 2018/2/9 2586.54 2590.33 2584.67 34 2019/9/8 2598.74 2596.67 2590.33 
14 2018/3/13 2585.61 2588.67 2584 35 2019/9/28 2599.87 2603.67 2591 
15 2018/3/29 2584.12 2587.33 2579.33 36 2019/10/26 2599.96 2604.33 2592.67 
16 2018/4/21 2583.98 2587 2579 37 2019/11/20 2599.4 2604 2593.67 
17 2018/5/13 2584.37 2586.67 2580.67 38 2019/12/12 2597.96 2598.33 2592 
18 2018/6/20 2588.63 2590 2581 39 2020/1/7 2596.96 2594 2590 
19 2018/7/12 2588.63 2592.33 2581.33 40 2020/1/30 2596.66 2593.67 2589.67 
20 2018/8/6 2593.57 2595 2584.67 41 2020/2/17 2595.83 2592 2588.67 
21 2018/9/21 2597.19 2595.33 2589 42 2020/3/18 2594.06 2590.33 2588 

 
Figure 7. Flow chart of the application of SBAS-InSAR technology and water level extraction. 

3.4. Pearson Correlation Coefficient 
Correlation analysis can reflect the degree of mutual influence between elements. The 

Pearson correlation coefficient is defined as the quotient of the covariance and standard 
deviation between two variables (Formula (2)). Here, the Pearson correlation coefficient 

Figure 7. Flow chart of the application of SBAS-InSAR technology and water level extraction.



Remote Sens. 2022, 14, 212 12 of 33

3.4. Pearson Correlation Coefficient

Correlation analysis can reflect the degree of mutual influence between elements. The
Pearson correlation coefficient is defined as the quotient of the covariance and standard
deviation between two variables (Formula (2)). Here, the Pearson correlation coefficient
was calculated between the real water level and the water level extracted by remote sensing,
to verify the accuracy of the extracted water level. We then calculate the correlation between
water level rise, fall, rainfall, and landslide displacement; this allowed us to explore the
main influencing factors of landslide displacement, and quantitatively study the response
time of landslide displacement to water level change. The formula is

r =
σab√

σ2aσ2
b

(2)

where r is the correlation coefficient; σa represents the standard deviation of water level
in a rising or falling stage; σb represents the standard deviation of landslide displacement
in a rising or falling water level stage; and σab is the covariance between water level
and landslide displacement in a rising or falling water level stage [56]. The correlation
coefficient r has values between−1 and 1; the greater the absolute value of r, the stronger the
correlation, and the greater the effect that water level change has on landslide deformation.
In the same way, the correlation coefficient between rainfall and landslide in the rainy and
dry seasons can also be obtained.

4. Results and Analysis
4.1. Time Series Analysis of Longyangxia Reservoir InSAR Displacements and Representative Landslides

SBAS-InSAR technology was used to obtain the displacement rate of Longyangxia
reservoir between 1 March 2017 and 21 March 2020, along the direction of the radar line of
sight (LOS). In the displacement rate diagram, positive values represent landslide displace-
ment moving towards the sensor, and negative values represent landslide displacement
away from the sensor. Longyangxia Reservoir is located in a region with an arid climate,
with sparse vegetation dominated by low grass and shrubs (Figure 8b), which enables
SBAS-InSAR to extract more distributed point targets. A total of 2,444,731 coherent point
targets were extracted in a study area of 2470.3 km2, with an average density of 989.65 km−2.
According to the standard deviation and average value of the coherent point targets, based
on field surveys, the relative stability threshold of the study area was set to the range −10
to 10 mm/year, which is in good agreement with the field survey results. It is important
to note that setting a threshold too small will cause an originally stable area to change to
unstable and setting the threshold too large will cause the deformed area to be ignored.
Reference to Figure 8a shows that from 1 March 2017 to 21 March 2020, the average dis-
placement velocity of the Longyangxia Reservoir area was −47 to 28 mm/year, with 90%
of the displacement velocity concentrated within the range of −10 mm to 10 mm/year,
which indicates that most areas of the Longyangxia Reservoir are in a relatively stable
state. However, 12 unstable slopes or landslides were identified (Table 5) in the area of
steep topography on the south bank, concentrated in the area from the dam to the Wang-
shike section. Among these, the cumulative displacements of the Chana landslide and
Chaxi landslide were −85.9 mm and −63.04 mm, respectively. The three-year cumulative
displacements of the Mangla River Estuary landslide, and of a newly-identified potential
landslide at the Yellow River inlet and Baiztan Landslide, were −40 mm to 60 mm, while
the cumulative displacements of other landslides were less than −40 mm (Figure 9). In
addition, the displacement monitoring results indicate that the ranges of the Chana, Chaxi,
and Mangla River Estuary landslides are larger than those of the other landslides (for which
the cumulative displacement is <40 mm) and the displacement velocities were greater.



Remote Sens. 2022, 14, 212 13 of 33

Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 32 
 

 

InSAR technology. This will result in decorrelation, and failure of the interferogram un-
wrapping, and results in a large area without deformation points on the north bank of the 
reservoir (Figure 8b). (2) Part of the north bank of the reservoir comprises desert, covered 
by shrub vegetation. Depending on seasonality and the influence of wind erosion and 
desertification, the sparse vegetation may be further reduced and gradually transition to 
desert. This causes the backscatter characteristics of the ground objects stored in the SAR 
image to change, resulting in a large displacement on the terrace on the north bank (Figure 
8c). 

 
Figure 8. (a) Average displacement rate of Longyangxia Reservoir from 1 March 2017 to 21 March 
2020; (b) eolian sand and shrub vegetation on the north bank of the reservoir; (c) sand dune land-
forms on the north bank. 

Table 5. List of potential landslides. 

Order Landslide Name Longitude Latitude 
1 Longyang Landslide 100°53′19.31″E 36°6′5.10″N 
2 Chana landslide 100°51′37.58″E 36°6′25.33″N 
3 Chaxi Landslide 100°49′51.36″E 36°6′39.63″N 
4 Wangshike Landslide 100°48′29.40″E 36°3′55.24″N 
5 1# landslide on the west side of Wangshike 100°47′11.38″E 36°4′58.28″N 
6 2# landslide on the west side of Wangshike 100°47′13.39″E 36°3′50.30″N 
7 Guantang Village Landslide 100°50′6.74″E 36°0′41.12″N 
8 Baiztan Landslide 100°28′26.89″E 35°48′6.80″N 
9 Landslide on the right side of Baiztan 100°31′21.55″E 35°51′40.77″N 

10 Mangla River Landslide 100°25′56.72″E 35°45′10.75″N 
11 Mangla River Estuary Landslide 100°23′56.22″E 35°46′32.48″N 
12 New potential landslide 100°20′59.86″E 35°47′5.38″N 

As we have not obtained GPS data from the study area, the control point deformation 
is compared with the potential landslide deformation. As shown in Figure 9, the annual 

Figure 8. (a) Average displacement rate of Longyangxia Reservoir from 1 March 2017 to 21 March
2020; (b) eolian sand and shrub vegetation on the north bank of the reservoir; (c) sand dune landforms
on the north bank.

Table 5. List of potential landslides.

Order Landslide Name Longitude Latitude

1 Longyang Landslide 100◦53′19.31′ ′E 36◦6′5.10′ ′N
2 Chana landslide 100◦51′37.58′ ′E 36◦6′25.33′ ′N
3 Chaxi Landslide 100◦49′51.36′ ′E 36◦6′39.63′ ′N
4 Wangshike Landslide 100◦48′29.40′ ′E 36◦3′55.24′ ′N
5 1# landslide on the west side of Wangshike 100◦47′11.38′ ′E 36◦4′58.28′ ′N
6 2# landslide on the west side of Wangshike 100◦47′13.39′ ′E 36◦3′50.30′ ′N
7 Guantang Village Landslide 100◦50′6.74′ ′E 36◦0′41.12′ ′N
8 Baiztan Landslide 100◦28′26.89′ ′E 35◦48′6.80′ ′N
9 Landslide on the right side of Baiztan 100◦31′21.55′ ′E 35◦51′40.77′ ′N

10 Mangla River Landslide 100◦25′56.72′ ′E 35◦45′10.75′ ′N
11 Mangla River Estuary Landslide 100◦23′56.22′ ′E 35◦46′32.48′ ′N
12 New potential landslide 100◦20′59.86′ ′E 35◦47′5.38′ ′N

There are two anomalous areas in Figure 8a, as follows: (1) A large area of migratory
dunes or semifixed dunes on the north bank of Longyangxia Reservoir. Here, the shape of
sand dunes will be modified to varying degrees under wind action, or the dunes may move
faster than the upper limit of the displacement velocity that can be monitored by InSAR
technology. This will result in decorrelation, and failure of the interferogram unwrapping,
and results in a large area without deformation points on the north bank of the reservoir
(Figure 8b). (2) Part of the north bank of the reservoir comprises desert, covered by shrub
vegetation. Depending on seasonality and the influence of wind erosion and desertification,
the sparse vegetation may be further reduced and gradually transition to desert. This
causes the backscatter characteristics of the ground objects stored in the SAR image to
change, resulting in a large displacement on the terrace on the north bank (Figure 8c).
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Figure 9. Cumulative displacement of landslides in the Longyangxia Reservoir area.

As we have not obtained GPS data from the study area, the control point deformation
is compared with the potential landslide deformation. As shown in Figure 9, the annual
average deformation of the control point was 0.12 mm, and the annual cumulative defor-
mation varied from −1.51 mm to 2.39 mm, which is much smaller than the relative stability
threshold of this area. There were no singular values in the smoothing data near the control
point, thus demonstrating the accuracy of the data in this study.

We selected the Chana, Chaxi, and Mangla River Estuary landslides as typical land-
slide case studies to analyze the influence of Longyangxia Reservoir water level change
on landslide displacement. There are four main reasons behind our choices: (1) The large
residual volume of the three landslides, the Chana landslide is 127 million m3, the Chaxi
landslide is 35 million m3 [57], and the Mangla River Estuary landslide is 120 million m3 [2].
(2) Associated hazards: Once the Chana landslide and the Chaxi landslide slip into the
reservoir, the resulting waves caused by this movement will endanger the lives of the sur-
rounding people and the safe operation of the dam. The Mangla River Estuary landslide at
the end of the reservoir will block the Yellow River, and subsequent rises in water level will
potentially cause disastrous flooding for the village of Guohuyu. (3) Activity characteristics:
The extent and deformation rate of the Chana, Chaxi, and Mangla River Estuary landslides
are relatively large. (4) Characteristics of water level change: The Chana and Chaxi land-
slides are close to the head of the reservoir, where the water is deep. The Mangla River
Estuary landslide is located at the end of the reservoir, where the water is shallow, and the
water level has relatively large seasonal changes.

4.1.1. The Chana Landslide

The Chana landslide occurred in 1943, and has a length of 1900 m, a height difference
of 420 m, and a planar area of 4 km2. The strata comprise sandy loam, clay, sand, clay,
sandy loam, sand, and aeolian deposits from bottom to top, and the surface of the slope is
covered with Quaternary collapse deposits. During the deformation monitoring period
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from 1 March 2017 to 21 March 2020, no deformation points were extracted in the western
parts of the landslide, and the deformation points in the central part were sparse. The
reasons for this may include the following: (i) Sentinel-1A provides ascending orbit data,
the satellite flight direction is northwards, and the line of sight is east; therefore, the western
part of the Chana landslide is susceptible to satellite geometric imaging. (ii) The central
slope of the Chana landslide has a large vertical height difference, and the SAR imaging
process is affected by the terrain, which can produce shadow effects. Therefore, we obtained
the cumulative displacement along the line of sight in the eastern and central slope toe of
the Chana landslide.

Taking the first SAR image as a reference (Figure 10a), we calculated the relative
displacement of the other images to analyze the spatial deformation of the landslide. In
the north–south direction, the rear edge of the Chana landslide is stable overall, and
deformation is mainly located at the foot of the landslide body. In the east–west direction,
the eastern part of the Chana landslide deformed first. As time progressed, the central part
of the slope also experienced obvious displacement, but the deformation in the east was
significantly larger than in the center (Figure 10c–f).

Based on the InSAR deformation results, we conducted a field survey on the Chana
landslide. The trailing edge of the landslide was a steep cliff with no large cracks. Large-
scale steep scarps and small-scale secondary landslides were found to have occurred in the
east near the sidewalls, the landslide toe has undergone various degrees of slumping, and
there were even scattered broken blocks of soil (Figure 11b). The soil in the center of the
landslide is loose, and there are local collapses, scattered stones, and many gullies on the
slope surface. Overall, the shape of the slope is irregular, with concave–convex topography,
and some of the soil has lost its underlying support (Figure 11c). In the western part of
the landslide, surface cracks have developed, the soil structure is loose, and there is a high
degree of fragmentation with isolated fallen soil blocks (Figure 11d).

The eastern displacement of the Chana landslide is represented by E1 and E2, and the
central part is represented by C1 and C2, from bottom to top (Figure 11a). It can be seen
from Figure 12 that E1 and E2 have the largest deformation rates (cumulative displacement
−85.90 mm to −111.46 mm) and the same deformation trend. The overall landslide
displacement exhibits a fluctuating decline, but with accelerated displacement over short
periods of time. The water level of Longyangxia Reservoir rises from July to November each
year, and then falls from November to April of the following year. When the reservoir water
level dropped in 2017, the landslide displacement showed a generally linear decrease, but
the displacement velocity was small. When the reservoir water level dropped in 2018 and
2019, the landslide displacement was rather variable. However, the landslide displacement
did not peak at the time of minimum water level, suggesting landslide displacement might
lag water level changes. In 2017 and 2018, landslide displacement decreased and fluctuated
during the period of rising water level; in 2019, landslide displacement first decreased
and then increased during the period of rising water level. Therefore, the displacement
of the Chana landslide was affected by both the rise and fall of water level. In 2017,
landslide displacement decreased during the rainfall period. In 2018 and 2019, landslide
displacement increased during the rainfall period, but there was no sudden acceleration
or deceleration. Therefore, rainfall may not significantly promote landslide displacement.
Before 9 December 2018, the central and eastern parts of the slope had similar displacement
trends, after which uplift occurred in the central part of the slope. Infiltration caused by the
rising water level may have softened the slope soil, causing local damage to the slope and
causing upslope material to fall and accumulate further downslope. The displacement of
the trailing edge of the slope was small and steady (cumulative displacement −13.53 mm).
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Figure 10. Spatial deformation characteristics of the Chana landslide. (a) Cumulative displacement
of Chana landslide on 1 March 2017, (b) Cumulative displacement of Chana landslide on 3 October
2017, (c) Cumulative displacement of Chana landslide on 24 June 2018, (d) Cumulative displacement
of Chana landslide on 15 November 2018, (e) Cumulative displacement of Chana landslide on 19
February 2019, (f) Cumulative displacement of Chana landslide on 11 September 2019, (g) Cumulative
displacement of Chana landslide on 21 March 2020.

In summary, when considering spatial variability, the magnitude of deformation
of the Chana landslide was greater in the east than in the center, and the lower part is
more strongly deformed than the upper part. When considering temporal variability, the
landslide experienced no accelerated deformation as a whole. Therefore, the probability
of overall instability of the Chana landslide over a short period of time is very small. The
large-scale collapse caused by the slope toe collapse may be the most important failure
mode in the eastern part of the Chana landslide, while the failure mode in the central part
of the slope is multistage sliding.
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4.1.2. The Chaxi Landslide

The width of the Chaxi landslide is 1300 m, the height difference is 470 m, and the
planar area is 0.47 km2. The lower stratum is mainly cohesive soil, and the upper stratum
is sandy soil. From the spatial deformation diagram of the Chaxi landslide (Figure 13a), it
can be seen that dense deformation points are obtained in the east, center, and upper parts
of the Chaxi landslide and remain stable; the landslide crown and western deformation
points are missing. During the deformation of the Chaxi landslide, the central and lower
parts of the slope were deformed first (Figure 13b), followed by the eastern part of the slope
(Figure 13c,d), and finally the western part of the slope (Figure 13e–g). As time progressed,
the area of the deforming part Chaxi of the landslide continued to expand.

Field investigation indicated that severe deformation and collapses have occurred on
the crown of the landslide, forming a large depression, and a major collapse has occurred
below the depression (Figure 14b). At the same time, there was severe wind-sandification
at the crown of the landslide, and the surface displacement rate was fast. Therefore, the
displacement rate in this sector could not be detected using InSAR technology. The vertical
height difference in the center of the landslide is ~330 m; there is a steep gradient and
abundant loose materials, and many collapses and caves occur on the slope (Figure 14c).
There have been several small landslides in the middle and lower parts of the Chaxi
landslide, and obvious scratch marks can be seen at its rear edge. These small landslides
reduced the integrity of the rock and soil at the foot of the Chaxi landslide and provided
favorable conditions for local deformation. The western part of the landslide has the
steepest slope and the most complex topography. The erosive effect of changes in reservoir
water level and the impact of waves generated by boat traffic have led to the collapse of the
western bank. The upper part of the soil has been destabilized and the slopes are extremely
prone to instability (Figure 14d). However, the cracks in each part of the landslide body
have not penetrated, so the probability of overall instability is small.

As shown in Figure 14a, the labels C1, C2, and C3 represent the central part of the
slope, E represents the east of the slope, and W represents the west of the slope. Figure 15
shows that the landslide displacements of different parts of the Chaxi landslide have been
different. In the central part, the deformation rate of the front edge nearest the reservoir
was fastest (cumulative displacement −81 mm to −88 mm), and the displacement rate
gradually decreased as the distance from the reservoir increased (cumulative displacement
−39 mm); the overall deformation was directed towards Longyangxia Reservoir by leading
edge traction, and the deformation at the edges on both sides was markedly smaller than
that in the central part (cumulative displacement −33 mm to −46 mm). Overall, the
displacement of the Chaxi landslide can be characterized by periodic behavior, with a trend
of increasing fluctuations, but there has been no continuous acceleration of deformation.
From a local point of view, the displacement rate of the landslide has varied inconsistently
across different time periods. Before 27 October 2017, the displacement rate was slow, but
the deformation rate subsequently increased; the main reason for this change was a record
high water level in 2018–2019 reaching soil that had not been previously infiltrated by
the reservoir water and was more sensitive to the change of water level. In the rainfall
periods of 2017 and 2018, the landslide displacement did not increase, but continued to
fluctuate periodically. The landslide displacement during the 2019 rainfall period showed
accelerated deformation, but at this time, the reservoir water reached its lowest level, and
the acceleration of the displacement may be caused by the drop in the previous water level.
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Figure 13. Spatial deformation characteristics of Chaxi landslide. (a) Cumulative displacement of
Chaxi landslide on March 1, 2017, (b) Cumulative displacement of the Chaxi landslide on February
12, 2018, (c) Cumulative displacement of Chaxi landslide on August 11, 2018, (d) Cumulative dis-
placement of Chaxi landslide on May 2, 2019, (e) Cumulative displacement of Chaxi landslide on
August 18, 2019, (f) Cumulative displacement of Chaxi landslide on October 5, 2019, (g) Cumulative
displacement of Chaxi landslide on March 21, 2020.



Remote Sens. 2022, 14, 212 20 of 33Remote Sens. 2022, 14, x FOR PEER REVIEW 19 of 32 
 

 

 
Figure 14. (a) Deformation velocity of Chaxi landslide, (b) partial collapse of the rear edge, (c) small 
landslides in the center, and (d) exposed soil in the western part. 

As shown in Figure 14a, the labels C1, C2, and C3 represent the central part of the 
slope, E represents the east of the slope, and W represents the west of the slope. Figure 15 
shows that the landslide displacements of different parts of the Chaxi landslide have been 
different. In the central part, the deformation rate of the front edge nearest the reservoir 
was fastest (cumulative displacement −81 mm to −88 mm), and the displacement rate 
gradually decreased as the distance from the reservoir increased (cumulative displace-
ment −39 mm); the overall deformation was directed towards Longyangxia Reservoir by 
leading edge traction, and the deformation at the edges on both sides was markedly 
smaller than that in the central part (cumulative displacement −33 mm to −46 mm). Over-
all, the displacement of the Chaxi landslide can be characterized by periodic behavior, 
with a trend of increasing fluctuations, but there has been no continuous acceleration of 
deformation. From a local point of view, the displacement rate of the landslide has varied 
inconsistently across different time periods. Before 27 October 2017, the displacement rate 
was slow, but the deformation rate subsequently increased; the main reason for this 
change was a record high water level in 2018‒2019 reaching soil that had not been previ-
ously infiltrated by the reservoir water and was more sensitive to the change of water 
level. In the rainfall periods of 2017 and 2018, the landslide displacement did not increase, 
but continued to fluctuate periodically. The landslide displacement during the 2019 rain-
fall period showed accelerated deformation, but at this time, the reservoir water reached 
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In summary, the deformation and damage in the central part of the Chaxi landslide
was observed to be greater than that on the east and west sides, the deformation velocity
near the reservoir was faster than that further away from the reservoir, and there has been
multilevel bottom-up sliding. Therefore, the failure mode of the central part of the slope
has been traction sliding, and the main failure mode of the western part of the slope has
been bank collapse.

4.1.3. The Mangla River Estuary Landslide

The Mangla River Estuary landslide is located at the point of entry of the Yellow River
into Longyangxia Reservoir; it is 3000 m wide and has an elevation difference of 575 m.
The strata mainly comprise gravel, clay, and sandy soil. In the monitoring time series, the
cumulative displacement is −40 mm to −53 mm. It can be seen from Figure 16 that the
deformation points are concentrated in the slope toe accumulation area, while deformation
signs are absent in the trailing edge. During the deformation of the Mangla River Estuary
landslide, the central and lower parts of the slope deformed first, followed by the western
part of the slope. As time progressed, the magnitude of slope deformation continued to
increase and the affected area expanded to the rear edge, especially in the central and lower
parts of the slope (Figure 16).



Remote Sens. 2022, 14, 212 21 of 33

Remote Sens. 2022, 14, x FOR PEER REVIEW 20 of 32 
 

 

its lowest level, and the acceleration of the displacement may be caused by the drop in the 
previous water level. 

 
Figure 15. Time series of precipitation, water level, and deformation for the Chaxi landslide. 

In summary, the deformation and damage in the central part of the Chaxi landslide 
was observed to be greater than that on the east and west sides, the deformation velocity 
near the reservoir was faster than that further away from the reservoir, and there has been 
multilevel bottom-up sliding. Therefore, the failure mode of the central part of the slope 
has been traction sliding, and the main failure mode of the western part of the slope has 
been bank collapse. 

4.1.3. The Mangla River Estuary Landslide 
The Mangla River Estuary landslide is located at the point of entry of the Yellow 

River into Longyangxia Reservoir; it is 3000 m wide and has an elevation difference of 575 
m. The strata mainly comprise gravel, clay, and sandy soil. In the monitoring time series, 
the cumulative displacement is −40 mm to −53 mm. It can be seen from Figure 16 that the 
deformation points are concentrated in the slope toe accumulation area, while defor-
mation signs are absent in the trailing edge. During the deformation of the Mangla River 
Estuary landslide, the central and lower parts of the slope deformed first, followed by the 
western part of the slope. As time progressed, the magnitude of slope deformation con-
tinued to increase and the affected area expanded to the rear edge, especially in the central 
and lower parts of the slope (Figure 16). 

Monitoring and field investigation of the landslide revealed a high density of large 
cracks in the rear edge, and more than 10 shallow landslides and collapses of different 
scales (Figure 17b,c). The rapid deformation of the trailing edge has led to large changes 
in the backscatter characteristics of ground objects stored within SAR images, resulting in 
decorrelation. The nomadic activities of local herders expanded the bare land area behind 
the landslide, resulting in serious desertification in this area. Previous studies have shown 
that vegetation plays a critical role in stabilizing the shallow soil [58–60]. Patches of col-
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Monitoring and field investigation of the landslide revealed a high density of large
cracks in the rear edge, and more than 10 shallow landslides and collapses of different
scales (Figure 17b,c). The rapid deformation of the trailing edge has led to large changes
in the backscatter characteristics of ground objects stored within SAR images, resulting
in decorrelation. The nomadic activities of local herders expanded the bare land area
behind the landslide, resulting in serious desertification in this area. Previous studies have
shown that vegetation plays a critical role in stabilizing the shallow soil [58–60]. Patches
of collapsed grassy vegetation, large areas of deformation and subsidence, and shallow
landslides (Figure 17d) and flowing soil (Figure 17e) in the area may be closely related to
the increase in the area of bare ground.

As shown in Figure 17, the central part of the slope is represented by C1, C2, and C3,
from bottom to top, and W is the west side of the slope. Overall, the displacement of each part
of the landslide showed an increasing trend (Figure 18), and the displacement rate tended
to be stable. Landslide displacement rate was fast before 25 April 2018, after which the
landslide displacement was slow, showing a cyclical up–down cycle. This behavior reflects
that initially the maximum water level was far away from the deformation location, the bank
slope was flat, the hydraulic gradient was small, the water flow path was long, and the
energy consumption was large. Therefore, landslide displacement during this period was less
affected by the water level. Subsequently, the reservoir water level increased considerably,
the landslide displacement and the water level change trends tended to be the same, and
the landslide displacement decreased (increased) during the periods of rising (falling) water
level. However, because the reservoir water level changed faster than the groundwater level,
landslide displacement changes lag water level changes. Locally, the deformation velocity
in the center of the slope gradually decreased from bottom to top, and the magnitude of
deformation in the west of the slope was smaller than that in the center; this is related to
the topography of the deformed part of the landslide and the distance from the reservoir
bank. During rainfall periods from 2017 to 2019, the displacement of the landslide decreased.
Therefore, rainfall did not promote greater displacement of the landslide.
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Figure 16. Spatial deformation characteristics of the Mangla River Estuary landslide. (a) Cumulative
displacement of Mangla River Estuary landslide on 1 March 2017, (b) Cumulative displacement of
Mangla River Estuary landslide on 12 February 2018, (c) Cumulative displacement of Mangla River
Estuary landslide on 24 June 2018, (d) Cumulative displacement of Mangla River Estuary landslide on
18 August 2019, (e) Cumulative displacement of Mangla River Estuary landslide on 21 March 2020.

In summary, the Mangla River Estuary landslide is a local deformation feature. Under
the influence of water level changes, the central part of the landslide may experience
long-term creeping.

4.2. Response of Landslide Deformation to Water Level Fluctuations

Here, we have used the NDWI method to extract the water level for the Chana,
Chaxi, and Mangla River Estuary landslides, using Landsat8 OLI data and Sentinel-2 data.
Bivariate analysis of the extracted water level and the measured water level shows that the
change trends for the two acquired levels are highly consistent, with correlation coefficients
of 0.965 and 0.979, respectively (p < 0.01) (Figure 19).
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Figure 17. (a) Deformation velocity of the Mangla River Estuary landslide, (b) unstable area at the
rear edge, (c) secondary landslide, (d) potential deformation zone and small landslide in the center of
the landslide, and (e) soil flow in the eastern part of the landslide. Red solid lines indicate tensile
cracks and potential settlement areas, and blue lines indicate actual landslides.
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Recent studies have reported that falling water levels will cause more significant
deformation of landslides than rising water levels [61–63]. During the monitoring period
(from 15 February 2017 to 21 March 2020), the water level of Longyangxia Reservoir
changed periodically from 2570.68 m to 2604.33 m. Based on the measured water level and
the water level extracted from remote sensing images, the time series of reservoir water
level can be divided into three stages (Figure 20): water level rising (July to November),
fluctuation (May to June), and falling (November to April of the following year). We used
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the Pearson correlation coefficient (r) to indicate the strength of the correlation between
water level change and landslide deformation.

Landslide displacement lags behind changes in reservoir water level [64,65], which
we analyze here. It is assumed that the response time of landslide displacement to the
change of water level is no more than n days, and the correlation coefficient between the
two is calculated with an interval of two days. The delay duration for which the correlation
coefficient is the largest represents the lag time between landslide displacement and water
level change. The falling water level period in 2017 is incomplete and cannot be compared
with the rising period, hence we analyze water level changes and landslide displacement
in 2018 and 2019 only. The results show that the maximum correlation coefficients for
the Chana, Chaxi, and Mangla River Estuary landslides are −0.994, 0.481, and 0.561,
respectively, for rising water level rise in 2018, and 0.996, 0.978, and 0.967, respectively,
for declining water level in 2019, the maximum correlation coefficients for rising water
level are −0.669, −0.888, and 0.705, respectively, and 0.990, 0.954, and 0.935 for declining
water level. Notably then, the correlation coefficients are larger during the falling period
for the three landslides (Figure 21). According to the maximum correlation coefficient,
we obtained the lag time for the Chana, Chaxi, and Mangla River Estuary landslides in
the rising stage of water level as 16–30 days, 12–42 days, and 0–28 days, respectively, and
16–60 days, 10–34 days, and 0–62 days in the falling stage, respectively.

We also compared and analyzed the deformation rate from daily displacements of the
landslides during the rise and fall of water level (Table 6). The results show that the daily
displacements during the decline of water level are greater for the Chaxi and Mangla River
Estuary landslides than displacements during water level rise. It should be noted that for
the Chana landslide, daily displacement during the 2018 water level rising period was
greater than displacement during the period of falling water level. This may be explained
by the results of the correlation analysis between water level and deformation; in 2018
(rising period, −0.994; falling period, 0.996), the Chana landslide had a short active period
during the rise of water level, with 78% of displacement in that year accommodated during
that period. The average deformation rate was 1.75 times that of 2017–2019. In summary,
the rise and fall of reservoir water level can increase the deformation of the landslide, but it
is the decline of water level that plays the leading role in the deformation.

Table 6. Daily displacement of Chana, Chaxi, and Mangla River Estuary landslides.

Date

Chana Landslide Chaxi Landslide Mangla River Estuary Landslide

Water Level
Rise (mm)

Water Level
Drops (mm)

Water Level
Rise (mm)

Water Level
Drops (mm)

Water Level
Rise (mm)

Water Level
Drops (mm)

2018 −0.14 −0.05 0.00 −0.11 −0.01 −0.07
2019 0.10 −0.16 0.00 −0.07 0.00 −0.02

Negative values indicate downward land displacement, and positive value indicate upward landslide displacement.
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5. Discussion

The relationship between reservoir water level fluctuations and landslide displacement
is related to the associated soil expansion–contraction cycle [9,66]. The upper part of the
landslide in the study area consists of sand, and the lower part, of clay and mudstone. Due
to differences in soil properties, the seepage generated by reservoir water infiltration is
heterogeneous. The upper sandy soil has a large pore space, a high permeability coefficient
and water permeability; the lower clayey part has low water permeability and strong water
retention. When the reservoir water level rises, water continuously penetrates into the
sand body and accumulates within a thin sand layer in between the upper sandy soil and
the lower cohesive soil. Within a relatively short period, the sand structure is irreversibly
deformed due to the loading and unloading of water, and the structure is rearranged.
With the increase in the pore water pressure, matrix suction is reduced, and the effective
stress on the sand framework decreases, which reduces the shear strength and stability
of the landslide [67,68]. However, a rise in water level generates water pressure, which
provides a supporting force acting on the landslide surface, in turn increasing its resistance
to movement and increasing the stability of the slopes [66–70]. This is also the reason why
the slope deformation velocity is very low when the reservoir water level rises. When the
reservoir water level falls, the unloading of the slope water pressure reduces its supporting
effect on the slope [11], and the decrease in water level also leads to a decrease in the
confining pressure of the slopes [71]. Under high osmotic and hydrodynamic pressure, the
direction of the hydraulic gradient is directed to the outside of the slope, causing dynamic
seepage forces and promoting soil movement, which decreases slope stability [70–72]. The
infiltration of water in the early stage results in a rise in the groundwater level of the slope,



Remote Sens. 2022, 14, 212 28 of 33

which can cause the pore water pressure to increase; due to the water retention capacity
of the soil, the reservoir water level falls more rapidly than the groundwater level. This is
the main reason why the cumulative displacement of the Chana, Chaxi, and Mangla River
Estuary landslides lags behind the water level fluctuations.

The hydrological conditions of reservoir water level vary with changes in rainfall or
water level fluctuations [73]. Therefore, the influencing factors for the displacement of
landslides in the vicinity of the reservoir include rainfall as the main factor and water level
fluctuations as a supplementary factor; in contrast, with water level fluctuations as the
major factor and rainfall as an auxiliary factor, the combined effects of the two factors are
almost equal. The total annual rainfall at the Longyangxia Reservoir from 2017 to 2019
was 383 mm to 589 mm, and it can be seen from Figure 22 that the dry season is from
November to March of the following year, and that the rainfall is concentrated during
summer (June to August, during which the rainfall was 215–386 mm). Table 7 shows
that from 2017 to 2019, the annual cumulative displacement of the Longyangxia Reservoir
landslide ranged from −11.09 mm to −33.13 mm, and that the cumulative displacement
during the summer ranged from −1.82 mm to −7.66 mm. Although the rainfall during
the summer accounts for 55–66% of the annual total, the cumulative displacement of
the landslide during the corresponding period only comprised 13–32% of the annual
cumulative displacement. Although the summer rainfall in 2019 was greater than that in
2018, the cumulative displacement of the Chana and Chaxi landslides during this period
was smaller. In addition, there is a weak correlation between landslide displacement
and rainfall (for 2018, the correlation coefficients between rainfall and the Chana, Chaxi,
and Mangla River Estuary landslides are 0.28, 0.21, and 0.42, respectively; for 2019, the
correlation coefficients are 0.15, 0.21, and 0.11, respectively). Therefore, rainfall is not an
important factor in promoting landslide deformation at the Longyangxia Reservoir.

Table 7. Cumulative displacement and annual cumulative displacement of the Chana, Chaxi, and
Mangla River Estuary landslides in summer.

Date

Summer Cumulative Displacement (mm) Annual Cumulative Displacement (mm)

Chana
Landslide

Chaxi
Landslide

Mangla River
Estuary

Landslide

Chana
Landslide

Chaxi
Landslide

Mangla River
Estuary

Landslide

2018 −3.89 −4.59 −4.43 −23.3 −25.18 −13.84
2019 −7.66 −6.55 −2.82 −33.13 −20.77 −11.09

The accuracy of the data extraction of the reservoir water level also affects the deforma-
tion analysis of the wading landslide on the reservoir bank. The Surface Water and Ocean
Topography (SWOT) mission aims to significantly improve the current remote monitoring
capabilities of lakes and reservoirs [74], with a revisit period of 21 days, and its Ka-band
radar interferometer (KaRIn) will be the first broad-spectrum interferometer that is different
from traditional altimeters. This new instrument will measure the two-dimensional surface
water elevation and will provide surface water elevation and water surface range in vector
format [75].

In future reservoir water level research, SWOT satellite sensor data can be combined
with Landsat and Sentinel-2 data to monitor reservoir water level, thereby mitigating
defects of different sensors in sampling frequency and accuracy and improving reservoir
water level monitoring capabilities.
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6. Conclusions

Longyangxia Reservoir is the largest hydropower station in the upper reaches of the
Yellow River. The geological conditions in the reservoir area are complex, and the stability
of the reservoir bank landslide seriously affects the safe operation of the Longyangxia
Reservoir. Based on SAR data with high temporal and spatial resolution, we used emerging
SBAS-InSAR technology to obtain the current status of Longyangxia Reservoir landslide
activity. By also using optical remote sensing images, the NDWI method enabled retrievals
of the reservoir water level at specific slopes within Longyangxia Reservoir; in situ water
level observations were also used to verify the accuracy of the extracted reservoir water
level. The Chana, Chaxi, and Mangla River Estuary landslides (with different reservoir
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water level depths) were taken as typical examples, and the deformation characteristics
of the three landslides under the conditions of falling water level, rising water level, and
rainfall were analyzed. The principal findings are as follows.

(1) We obtained the surface deformation velocity of slopes surrounding Longyangxia
Reservoir and ascertained the current status of its landslide activity. Ninety percent of
the study area remains relatively stable, and the surface of some areas moves slowly
(velocities of −47 to 28 mm per year). Sand dune movement is the main surface
deformation process on the north bank of the reservoir, while clusters of potential
landslides develop on the south bank of the reservoir. A total of 12 potential landslides
were identified at the Longyangxia Reservoir, ten of which were local deformations of
existing landslides, and two were new potential landslides.

(2) Taking the Chana, Chaxi, and Mangla River Estuary landslides as examples, a change
in water level, not rainfall, is the primary external factor that controls the deformation
velocity and temporal trend of potential landslides in the study area. During the
monitoring period, landslide displacement had a moderate to strong correlation
with rises and falls in the water level but was uncorrelated to weakly correlated
with rainfall. In addition, both rises and falls in the reservoir water level affect the
development and evolution of landslides in the reservoir area but falls in reservoir
water level have the greater impact. Meanwhile, landslide displacement and water
level change are not synchronized: displacement lags water level changes by about
0–62 days.

(3) Taking Longyangxia Reservoir as an example, this study used the NDWI and InSAR
technology to demonstrate a new method applicable to research in other areas without
water level monitoring data.
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